The requirements of an ideal membrane applied for the MD process are (i) higher permeability with an 1 optimal pore size and porosity, (ii) lower thermal conductivity with higher thickness and porosity, (iii) higher 2 liquid entry pressure with water and smaller maximum pore size, (iv) higher mechanical strength, (v) excellent (clockwise from top left: 100х, 500х, 1,000х and 10,000х magnifications) in Fig. 1 (Lee et al., 2015a) , therefore, 8 a commercial hydrophobic microporous PTFE/PP composite membrane (Sterlitech Coporation) has been used 9 for this study. It appears that the knot-fibril net-structured PTFE active layer (dark gray in top right of Fig. 1 ) is 10 partially covered by the PP scrim support layer (white gray). Here, the PTFE active layer is not covered by the 11 PP support layer at the permeate side, indicating an effective area for diffusion that can be expressed by the 12 surface porosity, defined as the surface area of the PTFE active layer exposed to the permeate side divided by 13 the total membrane surface area. The surface porosity is found to be 42% using CAD software based on the 14 SEM images. The physical properties of the PTFE/PP composite membrane are given in Table 1 . Note that the 15 composite membrane has a significantly thinner and more porous active layer than the scrim support layer, 16
which can result in decreased mass transfer resistance and increased heat transfer resistance. 17 interior units depends on the number of stages in more than single stage units. Therefore, the number of interior 20 units equal to the number of stages minus 1, while in the case of a single stage, the interior unit is not required. 21
As shown in this figure, rotation coupling implementation is employed to assemble the adjacent units. Here, the 22 module requires no external pipelines between the stages due to the incorporation of internal flow channels with 23 a first-in-last-out (FILO) configuration, which helps form a uniform flow in the channel width direction, 24 resulting in improved MD performance. This multi-stage module concept can enhance compactness, Table 2 . and tap water are used as bulk permeate and feed solutions, respectively. The tap water flows through the active 3 layer side of the membrane, while DI water is circulated through the support layer side of the membrane in a 4 countercurrent-flow manner. The feed and permeate temperatures are kept constant using a heater and chiller 5 (RW-1025G, Lab Companion), respectively. The permeate production rate is measured using an electronic 6 balance (CUX-6200H, CAS). The temperature, pressure and volume flow rate at both the inlet and outlet of the 7 module are simultaneously monitored at both the feed and permeate sides. In order to detect the leaks or pore 8 wetting of the membrane, the conductivity of the feed and permeate solutions at the outlet of the module is 9 measured using a conductivity/resistivity sensor; the corresponding signal is transmitted to a PC via a 10 transmitter (M300, Mettler-Toledo Thornton) and data acquisition device. The performance of the MDCMD 11 system using a composite PTFE/PP membrane has been investigated by varying the inlet feed temperature in 12 the range of 50 °C − 70 °C and the number of stages from 1 to 3 while keeping inlet permeate temperature 13 constant at 25 °C. The inlet feed and permeate volume flow rates in the range of 1.0 l/min to 2.5 l/min are tested 14 for single-stage modules and for two-and three-stage modules: their values are 1.0 l/min and 1.5 l/min, 15 respectively, due to a lack of heating and cooling capacities. For reproducibility, all experiments are conducted 16 more than three times and the maximum deviation in the measured permeate fluxes is found to be less than ± 17 6%. 
Theoretical approach 20
To demonstrate the feasibility and operability of the MDCMD module designed in the present work, a 21 theoretical investigation has been also performed. As shown in Fig. 4 , the heat and mass transfers occur 22 simultaneously across the boundary layers near the membrane surfaces and through the PTFE/PP composite 23 membrane. Also, the presence of turbulence or eddy currents induced by the spacers in both channels will yield 24 better flow characteristics. As a result, the thickness of the thermal boundary layer in the spacer-filled channel is 25 less than that in the empty channel, which brings the membrane surface temperatures closer to the bulk 26 temperatures. Thus, temperature polarization can be reduced, and permeate fluxes can be enhanced due to a 27 larger vapor pressure difference through the PTFE/PP composite membrane. Detailed theoretical models and 28 solution procedure for the heat and mass transfer through the composite membrane and transport phenomena on In the present work, the theoretical model developed previously has been modified to incorporate the 2 thermal entrance effect at each stage as a consequence of the adoption of the multi-stage concept. In order to 3 estimate the heat transfer coefficient, h, in both the spacer-filled feed and permeate channels, therefore, the 4 modified Dittus-Boelter's correlation on the flat surface of a fully-developed turbulent flow has been employed, 5 as given in Eq. (1). For the spacer-filled channel, it has been known that the heat transfer coefficient is best where k sp is the spacer factor, d h is the channel hydraulic diameter (i.e., 9.8 × 10 −4 m), k is the thermal 12 conductivity of the bulk feed or permeate, L is the effective membrane length, ε sp is the spacer porosity, w c is 13 the channel width, h c is the channel height and d f is the diameter of the spacer filament. (2) 21
In this study, therefore, the spacer factor correlation can be defined as follows: 22 For the performance investigation of the MDMCD process using a multi-stage concept, the mean 6
where η z is the local performance ratio, determined as the ratio of the vaporization heat associated with the 9 permeate flux to the heat transferred through the membrane, and is given by (Lee et al., 2015a) 10 In this study, as stated before, tap water is employed as bulk feed solution (experiment and simulation) and 16 thus its salinity is assumed to be zero for the simulation. This is because it has been shown that the MD flux is 
Performance evaluation and model validation 22
In order to identify the feasibility and operability of the multi-stage module design with a countercurrent- With an increase in the inlet feed temperature from 50 °C to 70 °C at the stream flow rate of 1.0 l/min for a 5 single-stage module, the measured mean permeate flux increases from 11.9 kg/m 2 h to 31.2 kg/m 2 h, whereas the 6 model prediction shows an increase in mean permeate flux from 10.9 kg/m 2 h to 29.1 kg/m 2 h (Fig. 6 ). The mean 7 performance ratio increases asymptotically from 62.2% to 80.7% (black lines in Fig. 6 ). It is shown that at the 8 stream flow rate of 1.5 l/min, the measured mean permeate flux increases from 14.1 kg/m 2 h to 37.7 kg/m 2 h and 9 the model-based permeate flux increases from 13.8 kg/m 2 h to 37.7 kg/m 2 h, while the mean performance ratio 10 increases gradually from 62.8% to 81.3% (red lines in Fig. 6 ). A good agreement between the measured and 11 predicted data is observed, with maximum relative deviations of 8.4% for 1.0 l/min and 3.5% for 1.5 l/min. It is 12
noted that a higher permeate flux is achieved at a higher feed temperature, as the partial vapor pressure 13 increases exponentially with inlet feed temperature. Furthermore, a higher flow rate provides enhanced heat For the two-stage DCMD module at a stream flow rate of 1.0 l/min (black lines in Fig. 8 ), the measured 2 mean permeate flux increases from 11.5 kg/m 2 h to 29.4 kg/m 2 h, whereas and the predicted mean permeate flux 3 increases from 10.4 kg/m 2 h to 27.6 kg/m 2 h, with an increase in the inlet feed temperature from 50 °C to 70 °C. 4
The mean performance ratio increases from 62.2 % to 80.5 %. At the inlet feed and permeate flow rates of 1.5 5 l/min (red lines in Fig. 8 ), the measured mean permeate flux increases from 13.2 kg/m 2 h to 36.7 kg/m 2 h and the 6 model-based permeate flux increases from 13.5 kg/m 2 h to 36.2 kg/m 2 h. The performance ratio increases 7 gradually from 63.1 % to 81.6 %. The model predictions of the permeate flux are also in good accordance with 8 the measured results, with maximum deviations of 10.2% and 5.4% for 1.0 l/min and 1.5 l/min, respectively. 9
For the three-stage module at a stream flow rate of 1.0 l/min (black lines in Fig. 9 ), the measured mean 10 permeate flux increases from 10.1 kg/m 2 h to 24.0 kg/m 2 h and the model prediction shows an increase in mean 11 permeate flux from 9.82 kg/m 2 h to 25.2 kg/m 2 h, with an increasing inlet feed temperature. The predicted mean 12 performance ratio increases from 61.8 % to 79.8 %. With a stream flow rate of 1.5 l/min (red lines in Fig. 9 ), 13 the measured mean permeate flux increases from 11.4 kg/m 2 h to 29.9 kg/m 2 h, while the predicted mean 14 permeate flux increases from 12.8 kg/m 2 h to 34.0 kg/m 2 h. The mean performance ratio also increases from 15 62.6 % to 81.2 %. Here, the maximum relative deviations between the measured and predicted results on the 16 mean permeate flux are found to be 5.0% for 1.0 l/min and 13.7% for 1.5 l/min. 17
Based on the aforementioned experimental results, the convective heat transfer coefficient at the feed and 18 permeate boundary layers is obtained from the procedures described in Section 3. The heat transfer coefficient 19 obtained is correlated with spacer characteristics via the multiple linear regressions. The best fit between the 20 measured and simulated permeate fluxes is achieved with a squared correlation coefficient of 0.944 (Table 3) 
. 21
At inlet feed and permeate flow rates of 1.5 l/min, the model-based mean permeate flux and daily water 22 production achieved by varying the inlet feed temperature from 50 °C to 70 °C are compared with regard to the 23 number of module stages: single-(black lines), two-(red lines) and three-stage (blue lines) ( Fig. 10) . It is noted 24 that as the number of module stages increases from single-to two-and three-stage, on average, the mean 25 permeate flux (solid lines) decreases by 4% and 9%, whereas the daily water production (dashed lines) 26 increases by 92% and 172%, or 1.92 times and 2.72 times, with an increase in the effective membrane area. 
Influence of the multi-stage concept 3
As the feasibility and operability of the multi-stage module designed in the present work has been 4 previously demonstrated, in this section, the effect of the number of module stages on the mean permeate flux, 5 performance ratio and daily water production of the MDCMD system has been theoretically identified at inlet 6 feed and permeate flow rates of 1.5 l/min and inlet feed and permeate temperatures of 70 °C and 25 °C, 7
respectively. 8
The local permeate flux, performance ratio ( Fig. 11a ) and temperature (Fig. 11b ) profiles along the 9 normalized axial distance with respect to various numbers of module stages (N s ) from one to twenty are 10 compared. Here, the dimensionless axial distance (horizontal axis) is defined as [L (i − 1) + z] / (N s L), where L 11 is the membrane length at each stage, i is the number of module stages (0 ≤ i ≤ N s ), and z is the local axial 12 coordinate (0 ≤ z ≤ L). It is clearly shown that the local permeate flux decreases linearly along the membrane 13 length, and the permeate flux throughout the membrane decreases greatly as the number of stages is increased. 14 This effect is particularly evident with lower quantities of stages, and then decreases asymptotically with larger 15 quantities of stages (Fig. 11a ). With an increase in the number of stages (membrane length) in a countercurrent-16 flow configuration, the heat transfer rate through the membrane via both the latent heat of vaporization induced 17 by permeate flux and heat conduction increases with stream longer retention times. Hence, as shown in the axial 18 temperature variations (Fig. 11b ), or bulk feed (T f ), liquid-vapor interface at the feed side (T f,m ), liquid-vapor 19 interface at the permeate side (T p,m ) and bulk permeate (T p ), the temperatures at the feed and permeate sides 20 decrease and increase along the flow directions, respectively, which results in a lower transmembrane 21
temperature difference (T f,m − T p,m ) as a driving force, yielding a lower permeate flux by means of a 22
proportionality of flux to the driving force. At a given number of stages, the temperature changes at each stage 23 of the bulk feed and permeate streams are almost identical, but its value near the front of the stages is 24 marginally larger than that near the rear of the stages due to a relatively higher permeate flux. The average 25 temperature changes at each stage are 1.87 °C, 1.59 °C, 1.37 °C, 1.19 °C and 1.06 °C, respectively, with an 26 increase in the number of stages from one to twenty, which is attributed to an asymptotic decrease of the M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT temperatures (Fig. 11b) , as expected from the exponential relationship between temperature and vapor pressure 1 in the Antoine equation ( 
where P w,m is the water vapor pressure (in Pa) without dissolved species in the water and T is the temperature 4 (in °C). 5
It is also shown that, with an increasing number of stages, the local performance ratio increases slightly near 6 the front of the module stages (less than the dimensionless axial length of 0.3), while its value near the rear of 7 the stages decreases significantly, mainly due to a lower permeate flux (Fig. 11a) . The lower the transmembrane 8 temperature difference, the lower the conductive heat loss across the membrane via Fourier's law of conduction, 9
hence, a higher performance ratio can be obtained at the front of the stages. 10
In addition, the mean permeate flux (J m ), daily water production (J wp ) and mean performance ratio (PR) are 11 compared with regard to the number of stages by keeping the other operating parameters constant as before ( Fig.  12   12) . It is shown that with an increase in the number of module stages from one to thirty, the mean permeate flux 13 decreases from 38.5 kg/m 2 h to 15.3 kg/m 2 h and the mean performance ratio decreases from 81.6 % to 74.1 %, 14
while the daily water production increases asymptotically from 9.24 kg/day to 110.0 kg/day. It is noted that the 15 multi-stage concept can achieve a higher daily water production with a higher effective membrane area. 16
However, this increase could actually mean an asymptotic increase in daily water production with regard to the 17 number of module stages; as noted the maximum daily water production may be prohibitive under a given 18 operating condition. 19 20
Conclusions 21
In this paper, a novel multi-stage direct contact membrane distillation (MDCMD) system is designed and its 22 performance is examined both theoretically and experimentally. The MDCMD module with a countercurrent-23 flow configuration, applicable to a small scale and footprint desalination system while retaining process 24 performance, is first designed, and then experimental and theoretical studies are successfully performed to 25 demonstrate the feasibility and operability of module design in terms of permeate flux, daily water production 26 and performance ratio. Here, the theoretical model is modified to incorporate a thermal entrance effect at the 27 inlet flow region of each stage, which has a positive influence on the DCMD performance. Model predictions M A N U S C R I P T
A C C E P T E D
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